The stratopause is by definition the transition between the stratosphere and mesosphere. During winter the circulation in the stratosphere is mainly driven by quasi stationary planetary waves (PW) while the circulation in the mesosphere is mainly driven by gravity waves (GW). The question arises whether PWs or GWs dominate the variability of the stratopause.
Note that in this study only nighttime measurements (Andenes: 134, Kühlungsborn: 71) with at least three hours of measurement are taken into account from both lidar systems. A nighttime mean of the lidar temperature profiles is calculated to minimize the impact of small scale effects.
Global MERRA-2 reanalysis data
To set local stratopause variabilities into the global context we use global reanalysis data from the Modern-Era Retrospective 5 analysis for Research and Applications Version 2 (MERRA-2; Gelaro et al. (2017) ; Bosilovich et al. (2015) ; Molod et al. (2015) ). Here we use daily means of the 3-hourly instantaneous output on 42 constant pressure levels ranging from 1000 hPa to 0.1 hPa, i.e. from the surface up to 68 km. The horizontal resolution is 0.625 degree in longitude and 0.5 degree in latitude.
For our analysis we use MERRA-2 reanalysis data from winter 1980/81 to 2018/19, i.e. 38 winter in total whereas the term winter includes the months December, January and February. 10 
Methods
Here we use the regional variability STE to investigate the agreement between the local lidar measurements and the global MERRA-2 reanalysis data. Similar to Thayer et al. (2010) and Greer et al. (2013) we identify a STE if the temperature profile is at least 15 K above the climatological mean at 2 hPa (near the stratopause). To calculate the deviation from the climatological mean for the lidar nighttime temperatures the NRLMSISE-00 empirical model of the atmosphere (Picone et al., 2002) is used 15 as a reference atmosphere. This model comprises an all-embracing day by day temperature climatology. Thus the deviation from the climatological mean for the lidar temperature data is calculated by subtracting the NRLMSISE-00 model climatology from the nighttime lidar measuerement for each altitude, day and location separately. Consequently we can divide the lidar nighttime temperatures into STE and non-STE.
The deviation from the climatological mean in MERRA-2 data is calculated by removing the long term mean computed 20 from the 38 winters of MERRA-2 data, for each day, altitude and longitude separately at the latitudes where Kühlungsborn and Andenes are located. Note that daily mean values are used for MERRA-2 data and nighttime means are used for lidar data.
Thus an impact of tides especially on the lidar data can not be excluded.
To bring the local values at Andenes and Kühlungsborn into the global context regarding PWs, the three predominant zonal wavenumbers 1, 2 and 3 are fitted to the MERRA-2 data at both latitudes separately. The following description is 25 illustrated in Fig. 1 : for each day the original daily mean data (blue line) at each latitude at 2 hPa is decomposed into the three dominating wavenumbers 1, 2 and 3 (green line for wave 1, orange line for wave 123, i.e. all three waves together) using a least-squares procedure. Thus we somewhat reconstructed the original data based on the different PW components. Here we call the maximum absolute value of a wave the amplitude of that wave and the value between zero and an arbitrary location on the wave the local displacement. In this study the local displacement is at 11 • E for Kühlungsborn and 16 • E for Andenes 30 respectively. With the help of these two concepts (amplitude and local displacement) not only the change in the amplitude of a PW but also the change in phase of the wave. For example, the amplitude of a PW remains the same but changes in phase and thus can change the value of the local displacement at Andenes. Following this approach we reconstruct the whole time series for Andenes (69 • N, 16 • E) and Kühlungsborn (54 • N, 11 • E) based on PWs with wave numbers 1, 2 and 3. To visualize the differences and similarities of the original time series and the reconstructed time series we correlate them for each location separately (i.e. Kühlungsborn and Andenes) as will be shown in the next section.
3 Results
5
Before we compare the temporal evolution of local stratopause temperatures with the temporal evolution of PWs at the same altitude and latitude, we study the vertical profile of STEs using lidar data and compare the results with profiles of MERRA-2 reanalysis data. wave is averaged out. This effect is much weaker in MERRA-2 data since a daily mean is calculated here. Thus especially the bias from the solar tides is much weaker since the entire oscillation is used in the averaging process. The same arguments can be applied to the small differences of the STE-only climatologies between the lidar measurements and the MERRA-2 reanalysis data since we have much more profiles included in the calculation for the MERRA-2 STE-climatology (478/584) than in the 20 lidar data (41/20). However, all in all lidar and MERRA-2 data are in a good agreement and hence MERRA-2 reanalysis data can be used to bring local observations into the global context.
Characteristics of vertical profiles of STEs from lidar measurements

Local variability embedded into the global context
To bring local variability into the global context we compare the time series at Andenes and Kühlungsborn) at 2 hPa with the time series from the amplitude of wave number 1, 2, 3 and 123 (all together) at the same latitude and with the time series of 25 the local displacement for this very location (also for wave number 1, 2, 3 and 123). explained by the variability of PWs with wave number 1, 2 and 3. The correlation of the original time series with the amplitude (green line) results in correlation coefficients of almost zero for Andenes and only 0.27 for Kühlungsborn. The discrepancy between the correlation coefficients of the amplitude and local displacement results from the fact that the amplitude describes only the increase and decrease of the amplitude of the respective PW while the local displacement also takes the change in phase into account. This can be observed especially well around day 0 in Kühlungsborn (upper row in Fig. 4) . While the 5 amplitude increases, the value of the local displacement decreases dramatically, due to the shift in phase of the waves. Around day -10, Kühlungsborn lies under the positive part of the wave packet where the temperature maximises. In the next 10 days, the phase shifts in such a way that Kühlungsborn is now located under the minimum half of the wave packet where the temperature minimises. The amplitude is blind to such a phase shift event explaining its much lower correlation coefficient.
During other occasions, for example between day -10 and 10 in Andenes, the amplitude and local displacement values are 10 much more synchronous pointing to a stationary phase. Due to the much better description of the local variability by the local displacement or reconstructed time series (orange line) we will focus on this in the following.
Considering the individual wave numbers the largest correlation coefficient between the original time series and the reconstructed time series occurs for wave 1 at both locations (Andenes: r A = 0.9, Kühlungsborn: r K = 0.84). Thus wave number 1 dominates the variability of the winter stratopause. In both stations wave 2 (r A = 0.75, r K = 0.74) is slightly less important 15 than wave 1 (r A = 0.9, r K = 0.84). Wave 3 plays by far the smallest role (r A = 0.5, r K = 0.65).
Similar to the example winter 2009/10 described in detail above we correlated the original time series of all available winters with the reconstructed time series of every individual wave number as well as all wave numbers together. The individual correlation coefficients for both locations can be found in table 1. In general 98% (97%) of the stratopause variability at Andenes (Kühlungsborn) can be explained by the variability of PWs with wavenumber 1, 2 and 3. Also the other characteristics 20 of the individual wavenumbers found in winter 2009/10 can be generalized. Note that we conducted this analysis also to temperature time series at 1 hPa, the climatological stratopause altitude at Kühlungsborn, and received the same results (not shown).
based on PW variability can be much better identified and thus investigated. For example, in winter 1994/95 around day 25 (see supplements) there is a strong temperature enhancement at the stratopause where the original time series is about 17 K higher than the reconstructed time series based on wave 1, 2 and 3. This STE lies shortly before a SSW but in contrast to other STEs, as for example those reported by von Zahn et al. (1998) and Meriwether and Gerrard (2004) (cf. supplement) , the agreement with the PW variability is much lower and thus other effects seem to play a role. However it is not the scope of this study to 5 investigate or discuss this unknown effect but with the help of the local displacement concept it can be better identified.
Summary
In this study we wanted to quantify the amount of quasi stationary PWs contributing to the day-to-day variability of the stratopause in northern hemisphere winter. Therefore we combine local lidar measurements at mid-and high latitudes with global MERRA-2 reanalysis data to bring the local variability into the global context. With the help of stratopause temperature 10 enhancements (STEs) the good agreement between local lidar measurements at Kühlungsborn (54 • N, 11 • E) and Andenes (69 • N, 16 • E) and the global MERRA-2 reanalysis data around the stratopause is shown. For example, both data sets show a lower stratopause in Kühlungsborn than in Andenes in their climatology as well as during STEs and a lower stratopause during STEs compared to its respective climatology.
Using MERRA-2 reanalysis data at the two designated latitudes and locations and applying the concept of local PW dis-15 placement it is shown that 98% (97%) of the local day-to-day stratopause temperature variability at Andenes (Kühlungsborn) can be explained by the variability of global PWs with wave numbers 1, 2 and 3. Thus PWs highly dominate the day-to-day variability of the stratopause at mid-and high latitudes in the northern hemisphere.
Data availability. MERRA-2 data are freely available from the MERRA project at https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/. Lidar data are available from the corresponding author upon request.
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